Dissolved inorganic nutrients (NO2 --N, NO3 --N, NH4 + -N, and PO4 3--P) play a critical role in the effective management of water quality and prevention of fish and shrimp diseases in aquaculture systems. In this study, dissolved inorganic nutrient concentrations in the water column and sediment porewater and the fluxes across the sediment-water interface (SWI) were investigated in three intensive shrimp ponds with zero water exchange to examine nutrient cycling during the different growth stages of shrimps. We found distinct changes in the dissolved inorganic nutrient concentrations in both the water column and sediment porewater among the three growth stages.
Introduction
(especially ammonia and nitrite) in the water column can stimulate the release of 26 corticosteroid hormones into the venous circulation of shrimps (Hu et al., 2014) , which 27 may be hazardous to shrimp health and thus cause a reduction in shrimp productivity. 28
Understanding the nutrient dynamics of intensive aquaculture ponds therefore is critical 29 for proper pond management and improvement of shrimp yield. 30
Another key environmental concern regarding intensive aquaculture is the 31 discharge of pond effluents into the water bodies of the nearby coastal zones. In general, 32 the water column is the main habitat for animals in aquaculture ponds, and its 33 conditions are closely associated with the healthy growth of fish, shrimps, and other However, very few studies have investigated the effects of aquaculture pond effluents 46 on the trophic status of receiving coastal waters (Herbeck et al., 2013) . 47
In the Asia-Pacific region where approximately 90% of the world's aquaculture 48 production takes place, land-based aquaculture pond culture is the most important China has the world's largest mariculture industry, with a total mariculture pond area 51 and total aquaculture production of 2.57×10 6 ha and 2.30×10 9 kg, respectively, in 2015 52 (Chen et al., 2016) . In view of this, studying the nutrient dynamics of aquaculture ponds 53 in China is essential for promoting the sustainable development of the aquaculture 54 industry and assessing the likely risks of eutrophication of coastal water bodies. The 55 main objectives of this study were to: (1) investigate the temporal variability of 56 dissolved inorganic nutrients in the water column and sediment porewater of 57 aquaculture shrimp ponds in China at different growth stages of shrimps, (2) assess the 58 nutrient fluxes across the sediment-water interface (SWI) of these ponds, and (3) 59 evaluate the impact of effluent discharge from these aquaculture ponds on the trophic 60 status of receiving coastal waters. 61 The study site is located in Shanyutan wetland (ca. 3120 ha) of the Min River 64 estuary in southeast China (Fig. 1) . The area has a subtropical monsoon climate, which 65 is relatively warm and wet, with a mean annual temperature of 19.6 °C and a mean 66 annual precipitation of about 1,350 mm (Tong et al., 2010) . Shrimp ponds are a 67 dominant landscape feature in the Min River estuary (Yang et al., 2015) . The total area 68 of shrimp ponds in the Shanyutan wetland is about 234 ha. These ponds were converted 69 in 2011 by complete removal of all marsh vegetations. Aquaculture production in the 70 majority of the shrimp ponds occurs between June and November. 71
Materials and Methods

Shrimp pond system and management 72
As the optimal water temperatures for the growth of shrimps (Litopenaeus 73 vannamei) are 22-35 o C, only one crop of shrimps can be produced per year in our study 74 site. Prior to shrimp production, the ponds were filled with estuarine water from the Min River estuary using a submerged pump. The water first passed through a 2 mm 76 mesh bag in order to prevent to the entry of predators and competitors 77 (Guerrero-Galván et al., 1999) . Additional input of freshwater into the ponds took place 78 occasionally during rainfall events. No water was discharged from the spillways of the 79 ponds until the end of shrimp harvesting. The water depth in the shrimp ponds over the 80 culture period ranged between 1.1 and 1.5 m, with a mean of 1.4 m. 81
To assess nutrient cycling during the culture period, water and sediment samples 82 were collected from three commercial shrimp ponds in the Shanyutan wetland 83 (26°01′49″ N, 119°37′39″ E) of the estuary (Fig. 1) . The basic details of the three ponds 84 are shown in Table 1 . Before stocking, each shrimp pond was fertilized with 37.5 kg 85 ha -1 of urea (46% N) and 5.2 kg ha -1 of phosphate fertilizer (38% P2O5). Postlarval (PL) 86
Litopenaeus vannamei shrimps of approximately 0.9-1.2 cm in length were 87 successively stocked in the ponds from mid-to late-May, and feeding was initiated 88 simultaneously. The shrimp production cycle began on May 15, and lasted for about 89 163 days. L. vannamei were fed with artificial feeds containing 42% of crude protein 90 (Yuehai TM , Guangzhou, China) twice per day at 07:00 and 16:00 (local standard time), 91 respectively, by direct application from a small boat. Based on the management 92 practices (e.g. feeding rate, water depth, etc.), water salinity, and shrimp weight, the 93 shrimp grow-out cycle was divided into three different stages (Table 2) , which was 94 similar to the classification scheme adopted by Páez-Osuna et al. (1997) . The feeding 95 rate was maintained at approximately 10-16, 50-55, and 40-45 kg ha -1 d -1 during the 96 initial, intermediate, and final stages, respectively. The exact amount of feed added was 97 determined based on the response of shrimps to the previous feeding 98 (Casillas-Hernández et al., 2006; Liu et al., 2015) . On average, a total of 3.5 ton of 99 feeds were applied to each of the three ponds over the culture period (personal communications). At each pond, three 1500-W paddlewheel aerators were activated 101 four times a day between 07:00-09:00, 12:00-14:00, 18:00-20:00, and 00:00-03:00 102 (local standard time). Pond water was completely drained and surface sediment (0-10 103 cm) was removed after shrimp harvest. 104
Collection and analysis of water samples 105
Water sample were collected in the middle of June, August, and October of 2015 106 that represented the conditions during the initial, middle, and final stages of shrimp 107 production, respectively. 108
Collection and analysis of nutrient concentrations in the water column 109
Three replicate sampling sites were established in each pond for water sampling. 110
Water samples were collected at three different depths of the water column, including 111 the bottom layer at approximately 5 cm above the soil, the surface layer at 112 approximately 10 cm below the water surface, and the middle layer at approximately 113 70-85 cm below the water surface. Water samples from each of the three depths were 114 collected four times at 08:00, 11:00, 14:00, and 17:00 (local time) on each sampling day 115 with a 5 L Niskin bottle, and then transferred to 250 mL polyethylene bottles. 116 Approximately 0.2 mL of saturated HgCl2 solution was injected into each bottle to 117 inhibit microbial activity (Zhang et al., 2013). The water samples were subsequently 118 stored in a 4 °C cooler, transport to the laboratory, and analysed within one week. For 119 the analysis of dissolved inorganic nutrients, the water samples were filtered through a 120 0.45 μm cellulose acetate filter (Biotrans™ nylon membranes), and the filtrates were 121 analysed for the concentrations of dissolved inorganic nutrients using a flow injection 122 analyser (Skalar Analytical SAN ++ , Netherlands). NO3 --N was calculated as the 123 difference between NOx --N and NO2 --N, while dissolved inorganic nitrogen (DIN) was 124 determined by summing up the concentrations of NO3 --N, NO2 --N, and NH4 + -N (David et al., 2016). The detection limits for NO2 --N, NOX --N, NH4 + -N, and PO4 3--P 126 were 0.02, 0.1, 0.1, and 0.05 μmol L -1 , respectively. The relative standard deviations of 127 all analyses were in the range of 0.1-4.0%. 128
Physicochemical and biological parameters of the water column 129
In the field, physicochemical variables including water temperature, pH, and 130 salinity were determined via a pH/mV/Temp system (IQ150, IQ Scientific Instruments, 131 USA) and a salinity meter (Eutech Instruments-Salt6, USA). The dissolved oxygen 132 (DO) level at various depths of the water column was measured in situ using a 133 multi-parameter controller (HORIBA, Japan). All these instruments were calibrated in 134 the laboratory every time before actual field measurement according to the instruction 135 manuals. Chlorophyll a (Chl a), which served as a proxy of phytoplankton biomass 136 
where F (mg m -2 h -1 ) is the flux of nutrient at the SWI (positive and negative values 203 indicate a net release from, and a net uptake by the sediment, respectively); CW-E and 204 CW-B are the nutrient concentration (mg L -1 ) in the overlying water at the end and the 205 beginning of incubation, respectively; V is the volume of overlying water (L); S is the 206 cross-sectional area of the sediment column (m 2 ); and T is the incubation time (h). 207
Collection and analysis of adjacent coastal waters of the study area 208
In order to evaluate the impact of shrimp pond effluent on the water quality of 209 receiving coastal waters, surface water samples (10 cm depth) were collected from 210 adjacent coastal waters of the study area ( Fig. 1 ) both before and after the discharge of 211 shrimp pond effluents upon the completion of shrimp harvesting. Sampling was carried 212 out between 09:00 and 10:30 by boat in sequence from site 1 to site 6 ( 
Results and discussions 232
Physicochemical and biological properties of the shrimp ponds 233
The measured physicochemical variables and shrimp biomass in the three shrimp 234 ponds are presented in Table 3 . The water and sediment temperatures over the study 235 period ranged between 24.02 and 30.95 °C, and 22.49 and 28.16 °C, respectively, with 236 significantly higher temperatures during the middle stage (Table 3) . Water pH varied 237 significantly among the three growth stages (p<0.05), with considerably lower values 238 during the middle stage (Table 3 ). Both sediment TN content and porosity were 239 significantly higher during the middle stage than the other two stages, which was 240 similar to the temperature trend (Table 3) . Water DO level and shrimp biomass also 241 varied significantly (p<0.05) among the growth stages, with the highest and lowest 242 values during the final and initial stages, respectively (Table 3) . 243
The results of Chl a concentrations in the water column are presented in Fig. 3 . 244
Average Chl a concentrations ranged between 130.1±2.5 and 258.3±3.1 μg L -1 during 245 the study period. Significant temporal variations in Chl a were observed, with 246 considerably lower concentrations observed during the initial stage than the other two 247 stages ( Fig. 3 ). However, no significant difference in Chl a concentration was seen
Nutrient concentrations in the water column 250
The results of dissolved inorganic nutrients in the water column are shown in Fig (Table 3 ) and high consumption rate of NH4 + -N by 279 phytoplankton (as represented by Chl a) (Fig. 3) . 280
Dissolved PO4 3--P concentrations in the water column also differed significantly 281 among the three stages, ranging between 36.12 and 99.55 µg L -1 (Fig. 4d) . In contrast to 282 DIN, the PO4 3--P concentrations in pond water showed a decreasing trend over the 283 study period (Fig. 3d ). Some previous researches have indicated that, P assimilation in 284 aquaculture production system is tightly linked to biomass growth ( The porewater NH4 + -N concentrations demonstrated a different temporal trend 317 from those of NOx --N and PO4 3--P, with the highest values being observed during the 318 middle stage than the final stage (Fig. 5c ). This temporal pattern was consistent with 319 that of temperature and TN content in the pond sediment (p<0.01; Fig. 6 ). These results 320 further supported the idea that both high sediment temperature and great supply of 321 organic matter contributed to the elevated porewater NH4 + -N concentration found 322 during the middle stage as compared to the initial stage. Meanwhile, at the final stage, 323 the low porewater NH4 + -N concentration could be attributed to the combination of low sediment temperature and intense bioturbation, which enhanced nitrification through 325 increasing the oxygen levels in the sediment (Henriksen et al., 1983) . This hypothesis 326 could be further supported by the higher porewater NOx --N concentration observed in 327 our ponds during the final stage ( Fig. 5a and 5b) . 328
Fluxes of nutrients across the sediment-water interface 329
The results of our laboratory incubation experiment on the fluxes of dissolved 330 inorganic nutrients across the SWI are shown in Fig. 7 . The NOx --N fluxes were quite 331 variable over the study period, ranging from negative values (-0.20 and -0.84 mg m -2 h -1 332 for NO2 --N and for NO3 --N, respectively) during the initial stage to positive values 333 (0.76 and 1.57 mg m -2 h -1 for NO2 --N and NO3 --N, respectively) during the final stage 334 ( Fig. 7a and 7b) . In contrast, the NH4 + -N and PO4 3--P fluxes across the SWI were 335 always positive, which corresponded to net nutrient releases from the sediment to the 336 water column ( Fig. 7c and 7d) . The NH4 + -N and PO4 3--P fluxes over the study period 337 ranged between 10.17 and 140.86 mg m -2 h -1 , and 0.25 to 14.84 mg m -2 h -1 , respectively, 338
with average values of 41.42±6.69 and 2.74±0.71 mg m -2 h -1 , respectively. These 339 results show that NH4 + -N was the main form of DIN being released from the sediment 340 to the water column, while the magnitude of DIN fluxes was higher than that of 341 PO4 3--P. 342 (Table 3 and Fig. 7c ), which implied that the effects of temperature on the 366 mineralization rates of organic matter were more significant than that of shrimp 367 excretion or other environmental variables. Moreover, the temporal change in the rate 368 of NH4 + -N release across the SWI was similar to that of shrimp biomass from the initial 369 to the middle stage ( Fig. 7c and Table 3 ), indicating that the influence of shrimp 370 excretion and bioturbation was also important in controlling the variations of NH4 + -N 371 flux over time during the initial and middle stages of shrimp growth. 372 PO4 3--P fluxes across the SWI of shrimp ponds also greatly varied among different respectively (Fig. 7d ). Similar temporal patterns were observed by Nicholaus 
Impact of biogeochemical cycling of nutrients 392
Impact of sediment nutrient release on the survival rates of shrimp 393
We observed the emergence of shrimp diseases in the ponds of our study area, 394 with a mass mortality of shrimps particularly during the middle and late stages of 395 shrimp growth. The shrimp survival rates in the three ponds ranged between 60 and 396 70% (personal communication), with a mean value of 65% that was significantly lower 397 than the normal level of 80% (Lai, 2014) . The low survival rates of shrimps in our 398 ponds might be related to the high rates of sediment nutrient release. Over the study period, we observed predominantly positive NOx --N fluxes, and consistently positive 400 NH4 + -N and PO4 3--P fluxes across the SWI in the coastal shrimp ponds (Fig. 7) , 401
indicating that the shrimp pond sediment was generally a net source of dissolved 402 inorganic nutrients. We found that the rates of nutrient (especially NH4 + -N and PO4 3--P) 403 release from the shrimp pond sediment were much higher than those reported by Yang dinoflagellates and phytoflagellates. In the present study, the molar ratios of 436 DIN/PO4 3--P of our shrimp ponds water were estimated to be 4.49±0.79, 11.30±2.11, 437 and 6.43±1.13 during the initial, middle, and final stages, respectively. The overall 438 mean N/P ratio in this study was 7.41±0.98, which was close to that reported by 439 Barraza-Guzmán (1994) , which implied that cyanobacteria was dominant in our study 440 ponds that caused an adverse effect on shrimp growth. 441
Impact of aquaculture pond effluent on water quality of receiving coastal waters 442
We further estimated the effects of effluent discharge from the shrimp ponds on 443 the adjacent coastal water column, by comparing the nutrient levels in the coastal 444 waters of the study area (Shanyutan wetland) before and after the discharge of shrimp 445 pond effluents following harvesting (Table 5 ). Based on an estimated total area of 234 446 ha and an average depth of 1.4 m for aquaculture ponds in this region, we calculated 447 that a total of 3.3×10 6 m 3 of effluents were released from the ponds into the adjacent waters without any prior treatment on an annual basis. As shown in Table 5 estimated a discharge of 31,602 t of N and 9,893 t of P from a pond-based striped 469 catfish production system with an area of 7000 ha. In this study, we estimated that the 470 discharges of TN and TP arising from shrimp aquaculture (1639 ha for area and 1.4 m 471 for water depth) into the adjacent seawater of the Min River estuary in 2015 were 30.45 ponds across China with a total area of 2.57×10 6 ha and a mean water depth of 1.4 m, 474
we calculated that approximately 4.77×10 4 t N y -1 and 3.75× 10 3 t P y -1 were exported 475 from the direct discharge of mariculture pond effluents into the adjacent seawater in 476
China. This represents about 5% of the total nutrient loadings from the main rivers of 477 
Conclusions
491
Based on the analysis of the samples collected from the sediment and water 492 column at three representative shrimp ponds in the Min River estuary at three growth 493 stages over the production cycle, we made some key findings on the biogeochemical 494 cycling of nutrients in the mariculture ponds of China as follows: 495 1) NH4 + -N was the main form of DIN in both the water column and sediment porewater. 496
Also, the concentrations of DIN were significant higher than those of PO4 3 --P, which 497 implied that P could become a limiting nutrient to phytoplankton growth in the shrimp ponds. 499 2) Nutrient (DIN and PO4 3--P) fluxes across the sediment-water interface of shrimp 500 ponds greatly varied among the different growth stages of shrimps, with considerably 501 higher values during the middle and late stages. These results suggested that water 502 quality deterioration caused by high rates of sediment nutrient releases could 503 potentially lead to mass mortality of shrimps during the middle and late stages. 504
3) The discharge of aquaculture pond effluents could be an important contributor to the 505 problem of water pollution and eutrophication in the receiving waters of the coastal 506 zones in China. Effective treatment of aquaculture pond effluents before discharge will 507 become an important challenge in the future in alleviating the pressures of 508 eutrophication in the coastal zone. 
Table 5 20
Nutrient concentrations in adjacent the coastal waters of the study area before and after the 21 discharge of shrimp pond effluents during the low tide after the completion of shrimp harvesting. 22 
